The decay of silver and hafnium atoms with a vacancy in the E shell by the emission of photon pairs which continuously share the transition energy was studied. Radioactive decay of ' Cd and of " Ta was used to generate K-shell vacancy states in silver and hafnium atoms, respectively. A pair of germanium detectors in a 180' geometry and a fast-slow coincidence system with a (128 X512X512)-channel threeparameter pulse-height analyzer were used in the measurements. Two-dimensional spectra of numbers of events as functions of amplitudes of coincident pulses from the two detectors were analyzed. Surface fitting of two-dimensional spectra and curve fitting of sum spectra were applied to deduce the number of events. The differential transition probabilities of 2s~1s, 3s~1s, 3d~1s, and 4sd~1s two-photon decay per decay of a E-shell vacancy have been determined. For silver they are compared with the results of relativistic self-consistent-field calculations of Mu and Crasemann [Phys. Rev. A 38, 4585 (1988)] and of Tong, Li, Kissel, and Pratt [Phys. Rev. A 42, 1442 (1990) 
I. INTRODUCTION Removal of an electron from the E shell of a neutral many-electron atom gives rise to very fast transitions, among which are most prominent the emission of Ea and KP x rays, and of Auger electrons. Higher-order processes are also possible, but they have much smaller transition probabilities. Freund [1] considered the decay of E-shell vacancy states by the simultaneous emission of photon pairs which continuously share the transition energy, the two-photon decay (also named double-photon decay). To the lowest order, it is a second-order process in time-dependent perturbation theory. On the basis of a simple theory he derived the total transition probability of 2s~ls two-photon decay per decay of a E-shell va- cancy in copper of approximately 10 and concluded that experimental detection of the process was feasible. Bannett and Freund [2] made new calculations of 2s~ls and 3s~ls two-photon decay in molybdenum using a nonrelativistic electric-dipole approximation, tabulated wave functions of the Roothaan type, and frozen orbitals. They also reported the results of their measurements of two-photon decay in molybdenum which was excited by a beam of silver x rays. Ilakovac, Tudoric-Ghemo, Busic, and Horvat [3] measured two-photon decay in xenon atoms. Radioactive ' 'Cs was used as a generator of xenon atoms with a vacancy in the E shell. They derived the results on 2s~ls, 3s~ls, 3d~ls, and 4sd -+1s two-photon decay, and gave upper limits on 2p, i&~is, 2p3/2~1 s, 3p -+1s and 4p -+1s two-photon decay.
Mu and Crasemann [4] made detailed relativistic selfconsistent-field calculations of two-photon decay in xenon atoms. They extended the calculations to twophoton decay in molybdenum and silver atoms [5] . Wu and Li [6) made nonrelativistic self-consistent-field calculations of two-photon decay in krypton, xenon, and radon atoms. Tong, Li, Kissel, and Pratt [7] made detailed relativistic self-consistent-field calculations of two-photon de- cay in molybdenum, silver, and xenon atoms. [10] . The nonrelativistic problem of two-photon decay in hydrogenic systems has been solved analytically, first for the 2s~ls decay [11, 12] , and subsequently for transitions among other states which satisfy the two-electric dipole selection rule [13 -16] .
We report the results of our measurements of twophoton decay in silver and hafnium atoms. Preliminary results on this work were previously reported at conferences [17] , but with an erroneously introduced factor of 0.5 [18] .
II. APPARATUS
A pair of planar high-purity germanium detectors (supplied by EG and G ORTEC Inc, Oak Ridge, Tennessee) was used for the detection of photons emitted from the radioactive sources. They were placed head-on in a close 180' geometry. [3, 18] , was the use of lower discriminator thresholds. Reliable determination of the numbers of events due to two-photon decay below the energy of germanium E x rays was possible.
The data due to two-photon decay were observed in the two E&-E2 energy spectra as continuous bands along the lines of constant sum energy corresponding to the 2s~ls, 3s~ls 3d~ls, and 4sd~ls transitions. Sum spectra derived from the data in a section around the (Ag Ka& 2 -Ge Ka ) -Ge Ka peaks of an E, E2 spectrum -is shown in Fig. 1(b) . Sum to determine the numbers of events. In one, complex surfaces were fitted to the sections of each of the two E,-E2 spectra. Regions around the crosstalk peaks were omitted. In the second method projections of data onto the k, +k2 axis were made for several intervals of x =E/Eo, the ratio of energy of one photon and of the transition energy of two-photon decay, omitting again the regions around the crosstalk peaks. The one-dimensional spectra were fitted by curves. In either case linear fitting routines were applied, because the energy scales and widths of the peaks were fixed. The numbers of events were derived using equal weights and the errors using 1/n weights (one for zero count [21] ). The methods are described in more detail in Ref. [18] . Two methods of analysis of the E j -E2 spectrum were applied: fitting of a surface to the central region that was subdivided into several sections, and the fitting of curves to the sum spectra that were made by projecting the data in the E,-E2 spectrum onto the k, +k2 axis. Since the energy scales and widths of the peaks were fixed, linear routines were applied. The two methods of analysis are described in more detail in Ref. [18] . The fitting function was different in that the ridges (in surface fitting) and the peaks (in curve fitting) in addition to the 2s -+ ls, 3s -+ Is, 3d~ls, and 4sd -+1s lines, also included the crosstalk lines due to Compton backscattering of K x rays of hafnium. Actually, the functions of the fit were the same as those described above for the nonlinear fitting of the sum spectrum that was the basis of the energy scale. The numbers of events were derived using equal weights and the errors using I/n weights (1 for zero count [21] [18] ).
In the measurements on two-photon decay in silver atoms the solid angles of the detectors were EQ, =1.61 sr and EQ2 = 1.57sr, the coincidence efficiency was ec =0. 95, and the peak efficiencies of the detectors were e, =@&=0. 95.
The results on relative differential transition probabilities of 2s~ls 3s -+1s, 3d~ls, and 4sd -+1s two-photon decay in silver atoms are given in Tables II, III, IV, Fig. 3 was calculated from the results of Shapiro and Breit [10] ,and from the formulas of Zon and Rapoport [11] and of Klarsfeld [12] , which agree completely. The dashed curves in Figs. 4 and 5 were calculated from the results of Florescu [14] and of Tung, Ye, Salamo, and Chan [13] (which closely agree). The dashed curve in Fig. 6 [7] . The results of the two groups for the 3s~ls two-photon decay closely agree, so the curves in Fig. 4 
